Introduction
[2] Most studies of ENSO, the annular modes and the PNA pattern are based on the linear paradigm; i.e., the modes in question are treated as independently varying functions of space and time, and their time varying indices are treated as normally distributed. In recent years there has been increasing interest in various aspects of the nonlinear behavior of these modes; i.e., (1) skewness or other departures from normality of the frequency distributions in the time varying indices of the modes [Burgers and Stephenson, 1999; Gillett et al., 2001] ; (2) regime like behavior [Sutera, 1986; Hansen and Sutera, 1986; Mo and Ghil, 1988; Kimoto and Ghil, 1993; Palmer, 1999; Mohanan et al., 2001] ; (3) distinctions between the spatial structure of a mode as it appears in its positive and negative polarities [Hoerling et al., 1997] . Here we investigate a fourth type of nonlinear behavior: the influence of the polarity of one mode upon the spatial structure of another mode. It is plausible that such behavior should be observed because the structure of modes of variability is dependent upon the background flow. For example, it is well established that the structure of baroclinic waves in the mid-latitude storm tracks is sensitive to the basic state zonal flow [Thorncroft et al., 1993; Hartmann and Zuercher, 1998; Hartmann, 2001, 2002] . There are also indications that intermediate frequency (5 -30-day period) variability associated with blocking is affected by changes in the background flow observed in association with the ENSO cycle [Renwick and Wallace, 1996] . The structure of ENSO-related variability, in turn, changes from early to late winter in response to the evolution of the climatological-mean background flow [Kumar and Hoerling, 1998 ]. Disentangling the nonlinear interdependence of low-frequency modes such as ENSO, the annular modes and the PNA pattern is complicated by the fact that the modes of interest occupy overlapping ranges of the frequency spectrum. But even in the absence of a spectral gap, externally forced modes of variability or coupled modes of variability such as the ENSO cycle can be viewed as modulating the basic state for the atmosphere's internal modes of variability. Here we show that the structure of the NAM is influenced by the polarity of the ENSO cycle.
Data and Analysis Techniques
[3] This study makes use of the following datasets: 1. the National Centers for Environmental PredictionNational Centers for Atmospheric Research (NCEP-NCAR) Reanalysis [Kalnay et al., 1996] obtained from the National Oceanic and Atmospheric Administration (NOAA) Climate Diagnostic Center (CDC). The data are gridded on a 2.5°lat Â 2.5°lon mesh. The fields used are sea level pressure (SLP) and 200 hPa zonal wind (U200) for the 42 year period 1958 -1999. 2. surface air temperature (SAT) fields produced at the University of Delaware by C. Willmott and collaborators, available from their website monthly on a 1°lat Â 1°lon mesh: the newest version with ''climatologically aided interpolation '', 1958 through 1999. 3. monthly fields of the variance of daily, 24-hour differenced meridional wind component at the 300 hPa level, computed from the NCEP-NCAR Reanalyses for the period of accord, kindly provided by K. M. Chang, State University of New York at Stony Brook. For further details, see Chang and Fu [2002] .
[4] The analysis is restricted to the winter season, defined as extending from December through March (DJFM). For defining the state of the ENSO cycle we used the ''cold tongue index'' (CTI) defined as the SST anomalies (relative to the 1950 -1979 climatology) averaged over the area 6°N -6°S, 90°-180°W, based on the Comprehensive Ocean-Atmosphere Dataset (COADS) described in Wooddruff [2000] . GEOPHYSICAL RESEARCH LETTERS, VOL. 29, NO. 23, 2132 , doi:10.1029 /2002GL015807, 2002 Copyright 2002 by the American Geophysical Union. 0094-8276/02/2002GL015807
[5] The data for the 42 year (1958 -1999) record were partitioned into warm and cold composites of the ENSO cycle based on winter averaged values of the CTI, each containing 14 winters as documented in Figure 1 . In order to more fully exploit the statistical degrees of freedom inherent in the data we made restricted use of 10-day running 30-day means, i.e., monthly means for 30-day intervals beginning Dec. 1, Dec. 11, Dec 21 . . .. In the following section the running means are used in the EOF calculations and in all Monte Carlo testing, but all regression maps and profiles are based on consecutive 30-day means.
[6] The NAM is defined as the leading empirical orthogonal function (EOF) of the SLP field within the domain poleward of 20°N, based on DJFM monthly mean data for the period of record 1958 -99.
[7] The various statistics presented in the next section (correlation coefficients, percentages of variance explained by the leading EOF, the difference between correlations in warm vs. cold composites, etc. . .) were compared with Monte Carlo simulations in which the data were sorted randomly into subsets consisting of 14 winters. The frequency of occurrence of the ''event'' in question by chance in 1,000 such random sortings, referred to as the ''p-value'', is indicated as appropriate. In applying this test, it is necessary to choose which of the random composites is to be labeled ''warm'' and which is to be labeled ''cold''. In all cases we made the selection that resulted in the larger p value: (i.e., in each of the 1000 randomized sortings, we identified ''warm'' and ''cold'' with the composites in which the structure of the NAM departed from its climatological-mean structure in the same sense as in the observed warm and cold years).
Influence of ENSO on the Structure of the NAM
[8] Figure 2 shows the leading EOF of the SLP field within the domain poleward of 20°N for contrasting warm and cold episodes of the ENSO cycle, as defined in Figure  1 . Both resemble the NAM, as defined in Wallace [1998, 2000] . However they differ in the following respects:
1. The leading EOF for the ENSO cold-episode (hereafter, simply ''cold'') composite exhibits a pronounced positive center of action over the North Pacific, whereas the one for the warm composite does not. This distinction is reflected in the difference in correlation between SLP in 15°lat Â 50°lon grid boxes centered on Pacific gridpoint P (37.5°N, 155°W) and Atlantic gridpoint A (37.5°N, 25°W): 0.41 for cold composite vs À0.16 for the warm composite (p = 0.016). Consistent with the distinction between the warm and cold composite SLP pattern, the baroclinic wave activity at the jetstream level exhibits stronger NAM-related perturbations over the Pacific sector in the cold composite, as shown in Figure 3 . As in the Atlantic sector, the anomalies in the intensity of baroclinic wave activity lie poleward of the midlatitude center of action of the NAM.
2. The leading EOF for the ENSO warm composite explains a higher percentage of the total variance of the SLP field than most of the first EOFs based on randomly chosen 14-winter composites (31.7%, p = 0.07) versus 24.7% for the cold composite. In both composites the second EOF's account for less than 15% of the variance. The Southern Hemisphere annular mode (SAM), as defined by the leading EOF of the monthly DJFM 850-hPa height field exhibits an analogous dependence on the polarity of the ENSO cycle: it explains 36% of the variance in the warm composite versus 29% in the cold composite. Consistent with the greater prominence of the NAM in the warm composite, its ; negative contours are dashed; the zero contour is omitted.
negative Arctic center extends farther into Siberia (Figure 2 ) and the NAM-related SAT perturbations over that region are stronger, as shown in Figure 4 . For example, the SAT amplitude per standard deviation fluctuation of the leading principal component (PC1) of SLP averaged over the 15°lat Â 30°lon box centered on (57.5°N, 110°E) is 2.9°C for the warm composite as compared to 1.9°C for all winters (p = 0.03). The stronger involvement of northern Siberia in the NAM during warm ENSO years is also reflected in onepoint correlation maps for SLP ans SAT (not shown).
3. The leading EOF for the warm composite exhibits larger amplitude in the tropics, as documented in Figure 5 . The fraction of the mass in the outer ring of the SLP regression pattern that lies between 20°S and 20°N is higher for the warm composite than for most randomly chosen 14-winter composites (p = 0.03), and lower for the cold composite than for most randomly chosen composites (p = 0.005). Consistent with this result, the outer ring in the zonally averaged SLP profile is more sharply peaked in the cold composite, and tropical (20°S-20°N) SLP exhibits a stronger anticorrelation with polar (65°-90°N) SLP in the warm composite than in most randomly chosen 14-winter composites (À0.64, p = 0.02).
4. The nodal line in the EOF crosses the Greenwich meridian at 59.5°N in the warm composite vs. 52.7°N in the cold composite (p = 0.08), and the associated impacts on precipitation are shifted northward by a comparable distance (not shown). Consistent with the shift of the node, the warming effect of positive NAM over Europe extends farther south in the cold composite (Figure 4 ). These distinctions are less significant than those described in (1), (2) and (3) and are hence more likely to be merely a consequence of sampling fluctuations.
Discussion and Conclusions
[9] The analysis was repeated in a North Atlantic Oscillation (NAO) framework. A monthly time series of the NAO was obtained by projecting area-weighted monthly SLP anomalies upon the SLP regression map associated with the DJFM seasonally averaged index of the NAO, as defined in [Hurrell, 1995] . The SLP regression patterns of the NAO computed separately for warm and cold winters of the ENSO cycle (not shown) exhibit the same distinctions as the patterns derived from EOF analysis of the SLP fields, as described in the previous section, and they are of comparable strength.
[10] Hence the NAM/NAO appears to be pliable to some degree; i.e., its structure adapts to changes in the basic state observed during opposing phases of the ENSO cycle. ; negative contours are dashed; the zero contour is omitted. QUADRELLI AND WALLACE: DEPENDENCE OF THE NAM ON ENSO in warm and cold winters of the ENSO cycle and the latter shows the difference in the storm tracks in both hemispheres.
[11] The more pronounced North Pacific center of the NAM during the cold phase of the ENSO cycle, as described in (1) is clearly apparent in the month-to-month variability within warm and cold winters of the ENSO cycle (not shown). We believe that it may be attributable to the existence of a more pronounced Pacific jet exit region, as shown in Figure 6 . A general circulation model run with idealized bottom boundary conditions exhibits a similar correspondence between midlatitude centers of action of the annular mode and breaks in the jet in the basic state tropospheric jet stream (David J. Lorenz, University of Washington, personal communication).
[12] The deeper penetration of the outer ring of the NAMrelated SLP perturbations into the tropics during the warm phase of the ENSO cycle, as noted in (3) is consistent with the equatorward displacement of the storm tracks in Figure 7 . Since the southern Hemisphere storm tracks exhibit an analogous equatorward displacement during the warm phase of the ENSO cycle, one might expect the Southern Hemisphere annular mode (SAM) to exhibit the same kind of structural differences, but our analysis of warm and cold composites for the SAM (not shown) indicate that this is not the case.
[13] It is also puzzling that the structural differences documented in (2) and (3) are much more clearly apparent in the leading EOF of the winter-to-winter variability of SLP than in in the EOF of the month-to-month variability within the same winter (not shown). We regard the differences in the structure of the NAM over the Atlantic sector as quite possibly spurious because we were unable to verify them in an independent analysis based on SLP data for the earlier decades of the 20th century.
[14] It seems reasonable to expect that the structure of the NAM should also vary with season in response to changes in the basic state. The evolution of the climatological-mean flow from early winter to late winter qualitatively resembles the change that occurs in response to a warming of equatorial Pacific sea surface temperature: the westerlies strengthen over the eastern part of the basin and the jet exit region over the Pacific sector becomes less distinct. A cursory analysis of NAM-related statistics for December and March (not shown here) suggests that the structure of the NAM exhibits a seasonal evolution analogous in many respects to the changes observed in association with the ENSO cycle.
[15] Our results suggest that the impacts of the NAM upon regional climate may prove to be even stronger than reported by Thompson and Wallace [2001] if systematic changes in its structure that occur in response to variations in the basic state are taken into account in the analysis scheme. For example, one might expect the impact of the NAM upon winter temperatures over much of Siberia to be stronger during warm winters of the ENSO cycle than during cold winters, and the reverse to be true for rainfall over the British Isles.
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